Introduction
The review article used as a text for the Short Course on Infrared Laser Spectroscopy) was completed in January 1980 and included only a few references after that date.
There has ensued three years of progress, during which spectroscopy using tunable infrared lasers has become an increasingly used tool both for basic research and for analytical and industrial applications. The present paper, which follows closely the outline of the earlier review, -updates the latter to early 1983.
The reader is referred to several recent review articles treating tunable infrared sources2 -8 and infrared laser spectroscopy. 3 -6,9 Generation of tunable monochromatic infrared radiation
The current status of tunable infrared sources is summarized in Table 1 . It should be emphasized that demonstration of laser action in a given region does not always imply that a useful spectroscopic tool has been developed. Figure 1 shows those regions in which the results of high -resolution spectroscopic studies have actually been reported using various tunable infrared lasers, and is a more realistic guide to the spectral coverage available. Regions in which high -resolution infrared spectroscopy has been performed using various tunable sources
The review article used as a text for the Short Course on Infrared Laser Spectroscopyl was completed in January 1980 and included only a few references after that date. There has ensued three years of progress, during which Spectroscopy using tunable infrared lasers has become an increasingly used tool both for basic research and for analytical and industrial applications. The present paper, which follows closely the outline of the earlier review,-1-updates the latter to early 1983.
The reader is referred to several recent review articles treating tunable infrared sources 2 " 8 and infrared laser Spectroscopy. 3 " 6 ' 9
Generation of tunable monochromatic infrared radiation
The current status of tunable infrared sources is summarized in Table 1 . It should be emphasized that demonstration of laser action in a given region does not always imply that a useful spectroscopic tool has been developed. Figure 1 shows those regions in which the results of high-resolution spectroscopic studies have actually been reported using various tunable infrared lasers, and is a more realistic guide to the spectral coverage available. 
Semiconductor diode lasers
Semiconductor diode lasers continue to be the most commonly used tunable infrared source, and they are now produced commercially in Europe and Japan as well as at several locations in the United States. Several detailed reviews are available. 10-12 Numerous papers on the fabrication and characteristics of lead -salt diodes have appeared; only some representative recent references are cited here. 13 -15 Recent attention has focused on achieving wide single -mode tunability, less complex multimode structure, higher-temperature operation, and improved lifetime, with particular concentration on the details of the confinement structure. Improved hmic contacts have been designed that significantly reduce long -term degrada-16 -1 tion.
Single modes continuously tunable over 20 cm-1 near 780 cm-1 have been obtained with distributed -feedback devices. 19 Almost all SDL's are current -tuned, but pressure tuning continues to be investigated as a method of extending the tuning range.'°A detailed study of SDL linewidths has been carried out,21 using both heterodyne techniques and a Fabry -Perot etalon.
Linewidths of 2 x 10 -5 to 0.02 cm-1 were observed for different lasers, and the width depended strongly on the junction temperature and injection current.
Resolution is significantly degraded by the vibration of closed -cycle refrigerators, even when an "ultrastable" commercial laser mount was used.
Several designs for double -beam SDL spectrometers have been reported22,23; features include a stable digital signal processing system24 and current modulation with improved cali- 
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Semiconductor diode lasers Semiconductor diode lasers continue to be the most commonly used tunable infrared source, and they are now produced commercially in Europe and Japan as well as at several locations in the United States.
Several detailed reviews are available. 10 " 12 Numerous papers on the fabrication and characteristics of lead-salt diodes have appeared; only some representative recent references are cited here. 13 "" 15 Recent attention has focused on achieving wide single-mode tunability, less complex multimode structure, higher-temperature operation, and improved lifetime, with particular concentration on the details of the confinement structure. Improved ohmic contacts have been designed that significantly reduce long-term degradation. 1^"" Single modes continuously tunable over 20 cm" 1 near 780 cm" 1 have been obtained with distributed-feedback devices. 19 Almost all SDL's are current-tuned, but pressure tuning continues to be investigated as a method of extending the tuning range.20
A detailed study of SDL linewidths has been carried out, 21 using both heterodyne techniques and a Fabry-Perot etalon.
Linewidths of 2 x 1Q-5 to 0.02 cm" 1 were observed for different lasers, and the width depended strongly on the junction temperature and injection current.
Resolution is significantly degraded by the vibration of closed-cycle refrigerators, even when an "ultrastable" commercial laser mount was used.
Several designs for double-beam SDL spectrometers have been reported 22 / 23 ; features include a stable digital signal processing system 2^ and current modulation with improved cali- bration accuracy. 25 The combination of a diode source with an existing large high-resolution vacuum grating spectrometer has been described. 26 One can improve wavenumber accuracy using a feedback loop to correct accidental drift in the laser emission. 27 Dubs et al.28 describe a method of stabilizing the output of a SDL by locking onto the side of an absorption line.
Harmonic detection with SDL's has been discussed in detail.29130 Baseline drift due to variations in diode output energy can be eliminated by ultra -low-frequency filtering. 31 Diode lasers can be used in conjunction with an integrating sphere to provide tunable sources with a high dynamic range.32
Gas lasers
High -pressure gas lasers. Modest improvements have been made in this class of lasers over the past few years.
Crocker and Butcher33 have developed a microprocessor -controlled spectrometer based on a boron nitride waveguide CO2 laser. This operates in the 9 -11 pm region with a linewidth of 5 X 10 -6 cm -1 and a 0.02-cm-1 tuning range, and has been used for saturation spectroscopy.
Dithering the resonator length of a waveguide laser to tune over two adjacent frequencies for differential absorption measurements has been demonstrated 34
The highest reported resolution for a multiatmosphere CO2 laser is now 5 X 10 -3 cm -1.'5 Reviews on transversely-excited lasers in genera136 and on using isotopic species to extend the range of sealed -off CO2 lasers37 have appeared.
Zeeman -tuned gas lasers. Uehara The resolution is 10 -5 cm-1 and measurement accuracy is ±2 X 10 -4 cm-1 Spectroscopy in the 26 to 36 cm-1 region has been performed by mixing tunable klystron radiation with output of a HCN laser.43
Color -center lasers Several recent reviews should be consulted.44 -46 An important advance is the development of (F2 +)A centers for lasing in the infrared out to 4 pm. An (F2 +)A center consists of a single electron trapped by two adjacent anion vacancies (F2+ center) adjacent to a single substitutional impurity cation.
(F2 +)A centers are rather complex to produce and handle and are usually optically and thermally unstable; some of these problems are being overcome. 47 They are not yet available commercially.
Typical characteristics are summarized in Table 2 .
The problem of adjusting 25 The combination of a diode source with an existing large high-resolu tion vacuum grating spectrometer has been described. 2^ One can improve wavenumber accuracy using a feedback loop to correct accidental drift in the laser emission. 27 Dubs et al. 28 describe a method of stabilizing the output of a SDL by locking onto the side of an absorp tion line. Harmonic detection with SDL's has been discussed in detail. 29 ' 30 Baseline drift due to variations in diode output energy can be eliminated by ultra-low-frequency filter ing. 31 Diode lasers can be used in conjunction with an integrating sphere to provide tunable sources with a high dynamic range. 32
High-pressure gas lasers. Modest improvements have been made in this class of lasers over the past few years. Crocker and Butcher 33 have developed a microprocessor-controlled spec trometer based on a boron nitride waveguide C02 laser. This operates in the 9-11 ym region with a linewidth of 5 x 10"^ cm"" 1 and a 0.02-cm" 1 tuning range, and has been used for satura tion spectroscopy. Dithering the resonator length of a waveguide laser to tune over two ad jacent frequencies for differential absorption measurements has been demonstrated. 34 The highest reported resolution for a multiatmosphere C02 laser is now 5 x 10~3 cm" 1 . 35 Reviews on transversely-excited lasers in general 3 " and on using isotopic species to extend the range of sealed-off CC>2 lasers 37 have appeared.
Zeeman-tuned gas lasers. Uehara et al. 38 describe a Zeeman-tuned He-Xe laser with a tun ing range of 200 GHz = 7 cm" 1 for use in Stark modulation spectroscopy; particular attention was paid to eliminating the effects of mode-hopping. 
Nonlinear optical mixing techniques
Difference frequency generation. Zueva et al. 41 have described a novel difference-fre quency spectrometer in which radiation from argon-ion and dye lasers is mixed in LiIC>3 for absorption spectroscopy between 1900 and 5000 cm" 1 with a resolution of 0.001 cm" 1 ; these two lasers are simultaneously used to record the coherent anti-Stokes Raman spectrum of the sample.
Tunable sideband generation. Magerl et al. 42 describe a tunable C02 laser sideband spec trometer that operates 9-11 ym with continuous tuning ranges of ±(0.41-0.60, 0.87-1.33, and 1.73-1.83) cm" 1 about each of ca. 80 CO2 lines. The resolution is 10"5 cm" 1 and measurement accuracy is ±2 x lo~4 cm" 1 . Spectroscopy in the 26 to 36 cm" 1 region has been performed by mixing tunable klystron radiation with output of a HCN laser. 43
Color-center lasers Several recent reviews should be consulted. 44 " 46 An important advance is the develop ment of (F2 + )^ centers for lasing in the infrared out to 4 ym. An (F2 + )A center consists of a single electron trapped by two adjacent anion vacancies (F2 + center) adjacent to a single substitutional impurity cation.
(F2 + )A centers are rather complex to produce and handle and are usually optically and thermally unstable; some of these problems are being overcome. 47 They are not yet available commercially. Typical characteristics are summarized in Table 2 .
The problem of adjusting 
leigh CCL into a minicoma Also 1.98-2.56 ym from coexisting F2 + centers.
puter -controlled high-resolution spectrometer for the 2.3 -3.3 pm region with a resolution of 3 x 10 -5 cm-1, continuous scan capability of 10 cm -1, and automatic calibration to within 0.003 cm-1. A less expensive microcomputer -controlled spectrometer with 100-cm-1 scan capability and a resolution of 0.01 cm -1 has been built. 53 The use of color-center lasers with magnetic rotation (Faraday) spectroscopy has been demonstrated for high -sensitivity detection of paramagnetic species. 54 -56 Calibration methods
Absolute frequency calibration
Some recently reported gas spectra suitable for frequency calibration are summarized in Table 3 .
The use of isotopic CO2 lasers as secondary frequency standards has been discussed by Freed.57 a C = calculated from selected molecular constants; G = grating spectra; H = heterodyne frequency measurements; I = high-resolution interferometer; W = wavemeter.
Direct measurement of tunable laser radiatt on with wavelength meters has been reviewed with emphasis on measuring dye laser output." Nagai et al. 6 ' have described a wavelength meter specifically designed for use with diode lasers. This is based on a Michelson interferometer, counting fringes relative to the 6328 -A He -Ne frequency, and achieves an accuracy of about 10 -4 cm -1 at 10 pm.
Calibration of laser tuning rate
The technique of internal calibration using the Doppler width of an absorption line has been improved by least-squares fitting a Voigt profile to the observed line contour.68
Etalon calibration is still by far the most frequently used technique. Detailed reviews of the refractive indices of airó9 and germanium70 have recently appeared. Because the refractive index may vary among different samples of germanium, it is preferable to calibrate germanium etalons at the wavelength of interest against known calibration lines. 71 The shift of etalon fringes with temperature has been confirmed by heterodyne measurements. 72, 73 Heterodyne measurements of line positions have been reported more frequently in the last few years. A SDL spectrometer with heterodyne calibration, in use at NBS, has been described by Wells et aí. 74 Typical HgCdTe photomixers now in use are usable to about 9 GHz (0.30 qm-1) from the reference line. By non -linear mixing with harmonics of a microwave frequency, heterodyne calibration has been achieved over a 1.7-cm-1 range.75
Special experimental techniques Laser modulation
First and second derivative detection reduces noise and increases sensitivity in analytical applications of diode lasers. 29, 30, 76, 77 It has been demonstrated that true lineshapes can be recovered from experimental 2f signals.29,30 A diode laser spectrometer has been specifically designed to allow derivative spectroscopy with high calibration accuracy using etalons.25 Amplitude and frequency modulation using a color -center laser have been compared.65 497 puter-controlled high-resolution spectrometer for the 2.3-3.3 ym region with a resolution of 3 x 10" 5 cm"" 1 , continuous scan capability of 10 cm" 1 , and automatic calibration to within 0.003 cm" 1 . A less expensive microcomputer-controlled spectrometer with 100-cm" 1 scan capa bility and a resolution of 0.01 cm" 1 has been built. 53 The use of color-center lasers with magnetic rotation (Faraday) spectroscopy has been demonstrated for high-sensitivity detection of paramagnetic species. 5^" 56
Calibration methods
Absolute frequency calibration Some recently reported gas spectra suitable for frequency calibration are summarized in Table 3 .
The use of isotopic CO 2 lasers as secondary frequency standards has been discussed by Freed. 57 Direct measurement of tunable laser radiation with wavelength meters has been reviewed with emphasis on measuring dye laser output.
Nagai et al. 67 have described a wavelength meter specifically designed for use with diode lasers. This is based on a Michelson inter ferometer, counting fringes relative to the 6328-A He-Ne frequency, and achieves an accuracy of about 10~4 cm"" 1 at 10 ym.
Calibration of laser tuning rate
The technique of internal calibration using the Doppler width of an absorption line has been improved by least-squares fitting a Voigt profile to the observed line contour. 68
Etalon calibration is still by far the most frequently used technique.
Detailed reviews of the refractive indices of air"" and germanium7^ have recently appeared.
Because the re fractive index may vary among different samples of germanium, it is preferable to calibrate germanium etalons at the wavelength of interest against known calibration lines. 71 The shift of etalon fringes with temperature has been confirmed by heterodyne measurements. 72 ' 73 Heterodyne measurements of line positions have been reported more frequently in the last few years. A SDL spectrometer with heterodyne calibration, in use at NBS, has been de scribed by Wells et al. 74 Typical HgCdTe photomixers now in use are usable to about 9 GHz (0.30 cm" 1 ) from the reference line.
By non-linear mixing with harmonics of a microwave frequency, heterodyne calibration has been achieved over a 1.7-cm" 1 range. 75
Special experimental techniques
Laser modulation First and second derivative detection reduces noise and increases sensitivity in analyti cal applications of diode lasers. 29 '30,76,77 It jlas been demonstrated that true lineshapes can be recovered from experimental 2f signals. 2^'^0 A diode laser spectrometer has been specifically designed to allow derivative spectroscopy with high calibration accuracy using etalons. 25 Amplitude and frequency modulation using a color-center laser have been com pared. 65
Optoacoustic detection
See the review by Ferguson.78 Design optimization of optoacoustic cells for high-resolution infrared spectroscopy indicated that a small-volume (0.4 cc) non -resonant cell was more sensitive than a resonant cell in the pressure range of interest ( <50 torr).79 Such a cell has been used with a color-center laser for saturation spectroscopy of HCN.80
Heterodyne detection Recent discussions of laser heterodyne spectroscopy consider the use of tunable infrared sources as local oscillators. 81, 82 A high-resolution IR heterodyne spectrometer designed for both laboratory and field use and using a diode laser as the LO has been described in some detail. 83 Katzberg et aí.84 discuss the signal -to -noise performance of SDL heterodyne spectrometers.
Intraresonator absorption A theoretical analysis shows that enhancement in detection sensitivity over single -pass absorption spectroscopy of the order of 104 is possible for a single -mode CW laser when the absorbing medium is in the laser cavity.85
Linewidth reduction in gases Papers in which nozzle expansion has been used to reduce linewidth can be located by reference to Table 4 .
In a study of NH3, a non -Boltzmann rotational energy distribution was observed below 100 K.86 Rotational temperatures in helium expansions were reported to be 40 K for hexafluoride moleculesß7 and 10 K for CF2C12.86
Apparatus for the bolometric detection of the energy deposited in a molecular beam by a color-center laser has been described88,89 and used to study the formation and predissociation of (CO2)n clusters88 and the dipole moment of HF and HCN. 89 Boughton et al. 90 have described a similar apparatus employing two crossed supersonic beams, which achieved a linewidth of 8 MHz for HF. Studies of translational relaxation downstream from the nozzle orifice and collisional processes between atoms and state -selected molecules were carried out.90 Room -temperature pyroelectric detectors can be used instead of more complex and expensive helium-cooled bolometers in this type of study, with only a small loss of sensitivity.
A different technique for reducing the Doppler linewidth as observed in high -resolution, low -noise spectra is numerical deconvolution, assuming a Gaussian line profile.92 This can enhance the resolution by factors of 3 to 4, and has been applied to spectra obtained using diode lasers93 and difference -frequency spectrometers.94,95
Matrix isolation
The linewidths and lineshapes of CO in a N2 matrix have been studied in detail with a diode laser96; linewidths as narrow as 0.013 cm-1 were observed in dilute samples.
Hole-burning experiments in matrices allow one to separate the homogeneous linewidth (determined by radiative decay, excited -state relaxation, and dephasing) from the inhomogeneous linewidth caused by the differing matrix surroundings of each molecule. A detailed series of experiments on t -CH2F -CH2F using diode lasers established the two widths to be 0.002 and 0.25 cm-1, respectively, and polarization experiments helped to elucidate the rotational behavior of the molecules.28,97 Diode -laser spectroscopy of matrix -isolated ReO4-ions exhibit hole widths of as little as 7 x 10-4 cm-1 in a transition whose inhomogeneously -broadened width may reach 1 cm-1.98
Linear absorption spectroscopy Work of the past few years is summarized in Table 4 , which updates Table 7 of Ref. 1 . Results on line contours and widths, intensities, rotational fine structure, and band analyses can be located by referring to the "Results" column of Table 4 .
Perhaps the most significant recent development has been in intensity work, where critical treatments of tunable laser data have resolved some of the previously noted disagreements among various measurements. A systematic assessment of errors in diode intensity measurements has revealed that additional off -axis mode structure may be present and can influence the results. 73 Other papers that consider intensity measurements in some detail are Refs. 107,111,139,141,167,169. 498 Optoacoustic detection See the review by Ferguson. 78 Design optimization of optoacoustic cells for high-resolu tion infrared spectroscopy indicated that a small-volume (0.4 cc) non-resonant cell was more sensitive than a resonant cell in the pressure range of interest (<50 torr). 79 Such a cell has been used with a color-center laser for saturation spectroscopy of HCN. 80 Heterodyne detection Recent discussions of laser heterodyne spectroscopy consider the use of tunable infrared sources as local oscillators. 81 ' 82 ^ high-resolution IR heterodyne spectrometer designed for both laboratory and field use and using a diode laser as the LO has been described in some detail. 83 Katzberg et al. 84 discuss the signal-to-noise performance of SDL heterodyne spectrometers.
Intraresonator absorption A theoretical analysis shows that enhancement in detection sensitivity over single-pass absorption spectroscopy of the order of 10 4 is possible for a single-mode CW laser when the absorbing medium is in the laser cavity. 85 Linewidth reduction in gases Papers in which nozzle expansion has been used to reduce linewidth can be located by ref erence to Table 4 . In a study of NH3, a non-Boltzmann rotational energy distribution was observed below 100 K. 8^ Rotational temperatures in helium expansions were reported to be 40 K for hexafluoride molecules 87 and 10 K for CF2C12-86
Apparatus for the bolometric detection of the energy deposited in a molecular beam by a color-center laser has been described 88 / 89 and used to study the formation and predissociation of (C02)n clusters 88 and the dipole moment of HF and HCN. 89 Boughton et al. 90 have described a similar apparatus employing two crossed supersonic beams, which achieved a linewidth of 8 MHz for HF. Studies of translational relaxation downstream from the nozzle ori fice and collisional processes between atoms and state-selected molecules were carried out. 90 Room-temperature pyroelectric detectors can be used instead of more complex and expensive helium-cooled bolometers in this type of study, with only a small loss of sensitivity. 91 A different technique for reducing the Doppler linewidth as observed in high-resolution, low-noise spectra is numerical deconvolution, assuming a Gaussian line profile. 92 This can enhance the resolution bv factors of 3 to 4, and has been applied to spectra obtained using diode lasers 93 and difference-frequency spectrometers. 94 / 95
The linewidths and lineshapes of CO in a N2 matrix have been studied in detail with a diode laser 9^; linewidths as narrow as 0.013 cm"" 1 were observed in dilute samples.
Hole-burning experiments in matrices allow one to separate the homogeneous linewidth (de termined by radiative decay, excited-state relaxation, and dephasing) from the inhomogeneous linewidth caused by the differing matrix surroundings of each molecule. A detailed series of experiments on t-CH2F-CH2F using diode lasers established the two widths to be 0.002 and 0.25 cm" 1 , respectively, and polarization experiments helped to elucidate the rotational be havior of the molecules. 28 / 97 Diode-laser spectroscopy of matrix-isolated Re04~ ions exhibit hole widths of as little as 7 x 10~4 cm" 1 in a transition whose inhomogeneously-broadened width may reach 1 cm"" 1 . 98
Linear absorption spectroscopy Work of the past few years is summarized in Table 4 , which updates Table 7 of Ref. 1 . Results on line contours and widths, intensities, rotational fine structure, and band analy ses can be located by referring to the "Results" column of Table 4 .
Perhaps the most significant recent development has been in intensity work, where critical treatments of tunable laser data have resolved some of the previously noted disagreements among various measurements. A systematic assessment of errors in diode intensity measure ments has revealed that additional off-axis mode structure may be present and can influence the results. 73 Other papers that consider intensity measurements in some detail are Refs. 107,111,139,141,167,169. b CCL = color-center laser; CTG = cavity-tuned gas laser; DPS = difference-frequency spectrometer; HPG = highpressure gas laser (i.e., C0 2 waveguide laser); IMM = infrared-microwave mixing (tunable sideband genera tion); SDL = semiconductor diode laser; SFR = spin-flip Raman laser; ZTG = Zeeman-tuned gas laser. Nonlinear spectroscopy CO2 waveguide lasers have been used to obtain saturation spectra in the 9 -11 um region for HCOOH,33 CH3Br,199 CH3I,33 and C2H4200; spectra of CH3I have also been reported using optoacoustic detection.201 A widely -tunable color-center laser has been used for Dopplerfree optoacoustic saturation spectra of HCN near 3.0 pm.80 Doppler -free two -photon spectroscopy of the (Inactive) 2v3 band of SF6 has been reported using a waveguide CO2 laser,202 and Doppler -free two -photon absorptions in NH3 were observed using a CO2 pump with a diode laser probe.203
Double-resonance spectroscopy
There has been an increasing amount of work using tunable infrared lasers in double -resonance spectroscopy. Takami has described infrared -radiofrequency experiments in which diode lasers were used as tunable pump sources, with radiofrequency /microwave detection of pure rotational transitions; molecules studied included CF4, 204, 206 13CF4, 205 and SiH4.206 Double -resonance spectroscopy of the 2v3 F v33 band of SF6, using a CO2 pump laser with a tunable diode probe, have been described. 207,208 Information on the parameters that govern the multiphoton absorption ladder in SF6 have been obtained from this work,207 and collisional relaxation has been studied. 208 An analysis of line shapes in SF6 double-resonance experiments was reported.209
Doppler -free double-resonance spectroscopy of NH3 has been carried out with a CO2 pump and a diode probe, 210 and of several molecules (CH3F NH3, PH3, GeH4, SiH4, CH3D) using a CO2 laser with radiofrequency modulation sidebands.211 'Applications Laboratory analytical techniques Some recent general applications of tunable infrared lasers to problems in physics and chemistry are summarized in Table 5 . Laser absorption methods for characterizing high -temperature gases have been reviewed.225 A measurement of the absorption coefficient of liquid water with an accuracy of 0.01 absorbance unit (AU) throughout the range 0 to 9 AU has been described. 226 The use of high-resolution spectroscopy for elucidating multiphoton absorption processes was reviewed.227
Atmospheric studies and pollution monitoring Table 6 summarizes some atmospheric trace gases that have been analyzed using tunable sources. The application of diode lasers to atmospheric monitoring of trace gases has been considered in several laboratories,77,229,230,232 -234 with particular attention paid to detection sensitivity, 77,231 calibration,229 and special techniques such as sweep integration. 234 Applications have ranged from laboratory analyses such as gases in cigarette smoke232,23D to tropospheric N20 measurements. 230 f A = assignments; B = band analysis and molecular constants; C = line contour and shape studies; F = fine structure, including (a) = asymmetry doubling, (k) = K-type doubling, (£) = ^-doubling, (A) = A-doubling, (n) = nuclear hyperfine structure, (o,t) = octahedral and tetrahedral splitting in spherical tops, (s) = Stark splitting, (sp) = spin-rotation interaction, (tor) = torsional splitting; I = isotope shifts; S = line strengths, absorption coefficients, and intensity measurements; W = linewidths, including (n) = collisional narrowing, (p) = pressure broadening coefficients.
9 C = computer averaging to improve S/N ratio; D = derivative spectra; DC = deconvolution; F = fast-scan techniques; G = optogalvanic spectroscopy; M = matrix isolation; MR = magnetic rotation (Faraday) spectroscopy; 0 = optoacoustic detection; S = Stark modulation; W = linewidth reduction by beam or nozzle techniques; Z = Zeeman spectra.____________________________________________________________________ Nonlinear spectroscopy CC>2 waveguide lasers have been used to obtain saturation spectra in the 9-11 ym region for HCOOH, 33 CH 3 Br, 199 CH^I, 33 and C 2 H 4 200 ; spectra of CH 3 I have also been reported using optoacoustic detection. 203-A widely-tunable color-center laser has been used for Dopplerfree optoacoustic saturation spectra of HCN near 3.0 ym. 80 Doppler-free two-photon spectroscopy of the (inactive) 2v 3 band of SF 6 has been reported using a waveguide CO2 laser,^°2 and Doppler-free two-photon absorptions in NH 3 were observed using a CO2 pump with a diode laser probe. 2°3 Double-resonance spectroscopy There has been an increasing amount of work using tunable infrared lasers in double-resonance spectroscopy.
Takamil59,204-206 jias described infrared-radiofrequency experiments in which diode lasers were used as tunable pump sources, with radiofrequency/microwave detection of pure rotational transitions; molecules studied included CF4, 204 /206 13 CF4, 205 and SiH4 . 2°6 Double-resonance spectroscopy of the 2v 3 «-VT band of SFg, using a CO2 pump laser with a tunable diode probe, have been described. 207 / 208 Information on the parameters that govern the multiphoton absorption ladder in SFg have been obtained from this work, 207 and collisional relaxation has been studied. 208 An analysis of line shapes in SFg double-resonance experiments was reported. 209
Doppler-free double-resonance spectroscopy of NH 3 has been carried out with a CO2 pump and a diode probe, 2^° and of several molecules (CH 3 F. NH 3 , PH 3 , GeH4, SiH4, CH 3 D) using a C02 laser with radiofrequency modulation sidebands. 2 ll Applications Laboratory analytical techniques Some recent general applications of tunable infrared lasers to problems in physics and chemistry are summarized in Table 5 .
Laser absorption methods for characterizing high-temperature gases have been reviewed. 225 A measurement of the absorption coefficient of liquid water with an accuracy of 0.01 absorbance unit (AU) throughout the range 0 to 9 AU has been described. 22^ The use of high-resolution spectroscopy for elucidating multiphoton absorption processes was reviewed. 227
Atmospheric studies and pollution monitoring Table 6 summarizes some atmospheric trace gases that have been analyzed using tunable sources. The application of diode lasers to atmospheric monitoring of trace gases has been considered in several laboratories, 77 / 229 / 23°/ 2 32-234 with particular attention paid to detection sensitivity, 77 / 231 calibration, 229 and special techniques such as sweep integration. 234 Applications have ranged from laboratory analyses such as gases in cigarette smoke 232 / 23 * to tropospheric N20 measurements. 230 Patel has reviewed such applications of spin-flip Raman lasers. 40 Optical parametric oscillators with linewidths of about 0.1 cm" 1 have been used as continuously-tunable laser sources for monitoring temperature and humidity of the atmosphere from H20 transitions. 23^,237 a CCL = color-center laser; CTG = cavity -tuned gas laser; SDL = semiconductor diode laser The v2 +v4 -v2 hot band of CF4 has been completely analyzed, allowing the prediction of CF4 laser frequencies with an accuracy of ca. 0.005 cm-1.162 Saturation spectroscopy of the v6/ v8 interacting bands of HCOOH, using a CO2 waveguide laser, has led to a reassignment of the formic acid laser transitions in the far infrared.238 
Laser development
The V2+v 4 -v 2 hot band of CF 4 has been completely analyzed, allowing the prediction of CF 4 laser frequencies with an accuracy of ca. 0.005 cm~l. 162 Saturation spectroscopy of the v 6 / Vg interacting bands of HCOOH, using a C02 waveguide laser, has led to a reassignment of the formic acid laser transitions in the far infrared.238
